Sirtuin 1 (SIRT1) is an NAD + -dependent deacetylase that functions as metabolic sensor of cellular energy and modulates biochemical pathways in the adaptation to changes in the environment. SIRT1 substrates include histones and proteins related to enhancement of mitochondrial function as well as antioxidant protection. Fluctuations in intracellular NAD + levels regulate SIRT1 activity, but how SIRT1 enzymatic activity impacts on NAD + levels and its intracellular distribution remains unclear. Here, we show that SIRT1 determines the nuclear organization of protein-bound NADH. Using multiphoton microscopy in live cells, we show that free and bound NADH are compartmentalized inside of the nucleus, and its subnuclear distribution depends on SIRT1. Importantly, SIRT6, a chromatin-bound deacetylase of the same class, does not influence NADH nuclear localization. In addition, using fluorescence fluctuation spectroscopy in single living cells, we reveal that NAD + metabolism in the nucleus is linked to subnuclear dynamics of active SIRT1. These results reveal a connection between NAD + metabolism, NADH distribution, and SIRT1 activity in the nucleus of live cells and pave the way to decipher links between nuclear organization and metabolism.
Sirtuin 1 (SIRT1) is an NAD + -dependent deacetylase that functions as metabolic sensor of cellular energy and modulates biochemical pathways in the adaptation to changes in the environment. SIRT1 substrates include histones and proteins related to enhancement of mitochondrial function as well as antioxidant protection. Fluctuations in intracellular NAD + levels regulate SIRT1 activity, but how SIRT1 enzymatic activity impacts on NAD + levels and its intracellular distribution remains unclear. Here, we show that SIRT1 determines the nuclear organization of protein-bound NADH. Using multiphoton microscopy in live cells, we show that free and bound NADH are compartmentalized inside of the nucleus, and its subnuclear distribution depends on SIRT1. Importantly, SIRT6, a chromatin-bound deacetylase of the same class, does not influence NADH nuclear localization. In addition, using fluorescence fluctuation spectroscopy in single living cells, we reveal that NAD + metabolism in the nucleus is linked to subnuclear dynamics of active SIRT1. These results reveal a connection between NAD + metabolism, NADH distribution, and SIRT1 activity in the nucleus of live cells and pave the way to decipher links between nuclear organization and metabolism.
sirtuins | NAD + | epigenetics | FLIM | spectroscopy S irtuins (SIRTs) are a conserved family of deacetylases that target a variety of proteins located in virtually all cellular compartments (1) . Deacetylation by SIRTs may control many functional aspects of target proteins (2) . Because SIRT deacetylase activity depends on the energy carrier NAD + , these enzymes are thought to operate as cellular metabolic sensors. In addition, because histones are targeted by nuclear SIRT, these enzymes could link variations in cellular metabolism to chromatin function.
There are seven mammalian SIRTs (SIRT1 to SIRT7) with distinct subcellular locations. SIRT2 is mainly cytoplasmic; SIRT3, SIRT4, and SIRT5 are found in the mitochondrial compartment; and SIRT1, SIRT6, and SIRT7 are located in the cell nucleus (1) . In mammals, SIRT1 contributes to development and protects from metabolic and cardiovascular disease, neurodegeneration, and cancer (3). SIRT1 has been reported to promote healthy aging and regulate lifespan (4, 5) . At the cellular level, SIRT1 regulates lipid and glucose homeostasis, apoptosis, DNA repair, and mitochondrial function. Variations in NAD + levels control SIRT1 activity (6-9), a relevant finding in the regulation of circadian rhythms (10) . Circadian rhythms in NAD + levels have been observed (11, 12) , which lead to fluctuating SIRT1 deacetylase activity (9) that, in turn, results into cyclic acetylation of specific SIRT1 targets (6, 9, 13) . SIRT1 and SIRT6 segregate circadian metabolism by driving transcription of a differential subset of circadian genes (14) . SIRT6 is a chromatinbound protein that was first characterized as a regulator of genome stability (15) . The other nuclear SIRT, SIRT7, appears to be highly localized in the nucleolus and possibly involved in Pol-I-dependent transcription (16) , and it has been shown to regulate lifespan, agingassociated stem cell and tissue maintenance, and metabolic homeostasis (17, 18) . All together, these findings suggest that SIRTs could be targeted in therapeutic strategies for the treatment of a number of metabolic and age-related diseases (19, 20) . Two-photon fluorescence lifetime microscopy (2P-FLIM) is becoming increasingly used to image the metabolite NADH in live cells and tissues in a label-free and noninvasive way. Lifetime measurements from fluorescent NADH distinguish free NADH and subpopulations of protein-bound NADH, whereas NAD + is not fluorescent (21) . NADH 2P-FLIM cellular map provides sensitive measurements of local activity associated with NADH metabolism (22) (23) (24) (25) (26) (27) (28) . Fluorescence correlation spectroscopy analyzes the fluctuation of fluorescent molecules in a small illuminated spot, providing spatiotemporal maps of concentration, interaction, or diffusion parameters of molecules (29) (30) (31) (32) (33) .
In this study, we used 2P-FLIM and fluctuation techniques to decipher the dynamics of NADH metabolism in live cells (details are in SI Introduction to the Techniques). Both 2P-FLIM and fluctuation-based diffusion measurements have pixel resolution to determine SIRT1 dynamics and related NADH metabolism. Indeed, the fluorescence correlation spectroscopy technique that we used for SIRT1 diffusion measurements at each pixel of the image has unprecedented spatial resolution (32) .
Our findings show that SIRT1 dictates the distribution of NADH species in the nucleus. Using pharmacological and genetic
Significance
Environmental and nutritional cues are crucial to determine genomic responses. They generally proceed through modulation of epigenetic mechanisms. Nuclear sirtuin 1 (SIRT1) is a well-known epigenetic modifier, because it deacetylates histones, and nutrient sensor, because its enzymatic activity is coupled to hydrolysis of NAD + . Compartmentalization of NAD + metabolism makes it difficult to predict the pace of NAD + -dependent reactions in cells. Here, we use nonlinear optics in live cells to define subnuclear distribution of free and bound NADH, which determines local enzymatic activity. We define subnuclear dynamics of SIRT1 and establish a biophysical signature for SIRT1 activity in live cells. These findings have far-reaching implications, because they describe unique aspects of SIRT1 activity and delineate subnuclear territories of metabolic cues.
manipulations, we show that this balance depends on SIRT1 activity. Moreover, nuclear NAD + metabolism directs intranuclear dynamics of SIRT1. High levels of NAD + are associated with slowdiffusing SIRT1 at specific inner areas of the nucleus. Altogether, our data reveal that intranuclear NADH distribution is responsive to SIRT1 enzymatic activity, which conversely dictates the dynamics and distribution of SIRT1. These findings point to functional connections between metabolism and nuclear organization.
Results
Linking SIRT1 to the Subnuclear Distribution of NADH Species. Phasor fluorescence lifetime microscopy (FLIM) analysis proceeds by Fourier transformation of the lifetime data, which allows direct quantification at each pixel of the free and bound NADH ratio (34) (35) (36) . Metabolic transitions and phenotypes in living single cells have been previously determined using the phasor approach to FLIM, including identification of biological processes, such as cell proliferation and differentiation, tumorigenesis, and aging (22, 24, 27, 37, 38) . Because biochemical reactions depending on NADH occur at different rates in distinct subcellular compartments, the measurement of NADH free/bound ratio provides a weighted mean of the enzymatic activities in the cell when combined with local NADH fluorescence intensity. For example, NADH fluorescence intensity in the mitochondrial compartment shows maximal brightness, indicating that mitochondrial NADH levels are higher there than in other compartments (Fig. 1A) . This effect is not surprising, because a large part of mitochondrial metabolism on oxidoreductase enzymes uses NADH as a cofactor to catalyze reactions. Concomitantly, the intensity from NADH in the cell nucleus is considerably lower than in other intracellular compartments (39, 40) (Fig. 1A) , suggesting a compartmentalized metabolism for NADH cofactors. The brightness from mitochondria can influence the FLIM image, even if they appear at different z planes than the nucleus in the two-photon excitation images. For this reason, contributions from these pixels were not included by creating a mask around the nucleus; hence, only fluorescence from nuclear NADH was monitored ( Fig. 1 and Fig. S1 ). Because the contrast in the images acquired by FLIM depends on the fluorescence lifetime instead of intensity of the fluorophore, nuclear NADH lifetime reveals details about microenvironments of free and bound NADH at submicrometer resolution (21) as shown in the color-coded images of free/bound NADH values in Fig. 1B . When analyzing mouse embryonic fibroblasts (MEFs), we found that NADH subspecies are distributed in distinct nuclear territories, with bound NADH located to the nuclear periphery, whereas free NADH concentrates in the nuclear interior ( Fig. 1A and Fig. S1A ). Similar results were confirmed in a human diploid fibroblast cell line (Fig. S1B ). These findings are in keeping with the presence of nuclear metabolic territories as recently predicted (41, 42) and prompted us to investigate whether nuclear NADH distribution could be influenced by SIRT1. Importantly, the K m of SIRT1 for NAD + seems to fall into the physiological range of NAD + bioavailability in the nucleus (43) . We compared the relative fractions of free (cyan/white) and bound (magenta) NADH in WT and Sirt1 −/− MEFs ( . This difference is not an adaptive effect to chronic ablation of SIRT1 as shown by using the selective inhibitor EX527 (44) (Fig. 1E and Fig. S1A ). Strikingly, acute inhibition of SIRT1 is sufficient to reorganize NADH metabolism in the nucleus, potentiating the binding of nuclear NADH to proteins ( Fig. 1 D and E) (P < 0.001, MWU). As expected, EX527 treatment on Sirt1 −/− MEFs had no significant effect ( Fig. 1 C and F) (P > 0.05, MWU). To investigate whether this effect is solely attributed to SIRT1, we used MEFs carrying a genetic deletion of SIRT6. Free/bound FLIM analyses in the nucleus from sirt6 −/− MEFs show an overall metabolic state and distribution comparable with WT MEFs (Fig. 1 C and G) (P > 0.05, MWU). Our data show that NADH has a nonrandom distribution in the nucleus and that nuclear NADH metabolism is specifically associated with SIRT1.
Metabolic Transitions in the Cell Nucleus on SIRT1 Activation. Next, we sought to investigate if activation of SIRT1 with small molecule activators could affect nuclear NADH distribution. We performed a time course study treating cells with the specific SIRT1 activator SRT2183 (45) for 2, 4, 8, and 12 h (Fig. 2 A and B and Fig. S2A) . Interestingly, metabolic transitions of NADH species appeared remarkably robust after 2-h treatment, showing a very significant fraction of NADH displaced toward the free form compared with untreated cells (Fig. 2 A and B) (P < 0.001, MWU). This effect is sustained after 4-and 8-h treatment, whereas free/bound NADH distribution is progressively recovered after 16-h treatment, probably because of an effect on dilution or metabolism of the drug (Fig.  2 A and B and Fig. S2A ). As expected, no or little effect of SRT2183 was observed in Sirt1 −/− MEFs ( Fig. 2 C and D and Fig. S2B ) (P > 0.05, MWU), further confirming the specificity of SRT2183 triggering SIRT1 activation (45, 46) . These data indicate that SIRT1 prompts significant redistribution of nuclear NADH.
Metabolic Control of Nuclear NADH Distribution by the NAD + Salvage
Pathway. NAD + metabolism is compartmentalized, because this metabolite cannot diffuse through membranes (21) . NAD + bioavailability is subjected to the salvage pathway, which recycles NAD + from the end product of NAD + -consuming enzymes, nicotinamide (NAM) (47) . NAM is converted to β-NMN in a ratelimiting step catalyzed by the enzyme nicotinamide phosphoribosyltransferase (NAMPT) (47) (Fig. 3A and Fig. S3 ). NMN recycles NAD + through the adenylyltranferase enzymes NAM mononucleotide adenylyltransferase 1-3, which have distinct subcellular locations (Fig. 3A and Fig. S3) . To investigate the influence of the NAD + salvage pathway in nuclear NADH territories, we first investigated the effect of NAD + treatment (Fig. 3B  and Fig. S4A ). After 2-h treatment, the fraction of free NADH increases, and 6 h after the treatment, cells recover the basal status, suggesting the activation of compensatory mechanisms (Fig. 3B and Fig. S4A ). Next, we treated cells with NAM ( Fig. 3 A  and C) . Interestingly, most of the NADH was found in its bound state after this treatment, whereas nuclear territories of free NADH tend to disappear (Fig. 3C and Fig. S4B ). Because NAM is a potent inhibitor of SIRT1 activity, it has been postulated that low levels of NAM are beneficial for increasing NAD + and SIRT activity, whereas high levels of NAM might be deleterious. Along this line, the K m of NAMPT is rather low (47) , indicating that this enzyme might be fully operational under physiological conditions, and increased amounts of NAM may not substantially enhance its activity. Thereby, NAM treatment has an effect on nuclear metabolism comparable with SIRT1 inhibition (Figs. 1E and 3C and Fig. S4B ) or its genetic deletion (Figs. 1C and 3C and Fig. S4B ).
Treatment of Sirt1
−/− MEFs with NAM also showed significant effect, probably because of the dual function of NAM as NAD + precursor and SIRT1 inhibitor (Fig. 3D and Fig. S4C ).
Based on these findings, we hypothesized that altering the flux of the NAD + salvage pathway would have similar consequences. The small molecule FK866 is a specific and potent NAMPT inhibitor (Fig. 3A) (48) that lowers cellular NAD + levels (9, 48). Accordingly, 2-h treatment with FK866 leads to significant increase in nuclear-bound NADH (Fig. 3E and Fig. S4D ) (P < 0.05, MWU test), an effect further potentiated after 6-h treatment ( Fig. 3E and Fig. S4D ) (P < 0.01, MWU) and reaching a fraction of bound NADH comparable with that of Sirt1 −/− MEFs. Interestingly, there is no effect in the distribution of NADH by FK866 treatment in the nucleus of Sirt1 −/− MEFs ( Fig. 3F and Fig. S4E ) (P > 0.05, MWU), whereas Sirt6 −/− MEFs are responsive to the treatment (Fig. S5) . Altogether, our data indicate that nuclear distribution and state of NADH metabolism largely rely on SIRT1 and that fluctuations in NAD + nuclear bioavailability have similar consequences as manipulating SIRT1 activity.
Nuclear Dynamics and Subnuclear Distribution of Differentially Active SIRT1 Populations. In vitro studies indicate that enzymatic inactivation of SIRT1 results in a decreased affinity for its substrates, whereas its activation promotes lowering the K m for substrates (46, 49, 50) . We sought to explore whether SIRT1 binding to substrates could be modulated by its activation through nuclear metabolism in living cells. We generated Sirt1 −/− clonal cell lines that stably express either SIRT1-EGPF or the deacetylase inactive isoform SIRT1(H355A)-EGFP. As shown in Fig. 4A , the location of fluorescent versions of SIRT1 was mostly restricted to the nucleus, depicting a homogenous distribution that excludes the nucleolus (Fig. S6A) . Expression of SIRT1-EGFP in Sirt1 −/− cells rescues the acetylation levels of several targets and specific metabolic-related patterns of gene expression (Fig. S6B) . Importantly, the expression of SIRT1-EGFP in the Sirt1 −/− background fully recovers the nuclear NADH lifetime distribution of WT MEFs (part of the data in Fig. 4B is the data from Fig. 1 ), being also sensitive to inhibition by EX527 (Fig. 4B) . To study nuclear dynamics of SIRT1 under different metabolic states, we used fluorescence fluctuation spectroscopy, a noninvasive fluorescence microscopy technique having singlemolecule sensitivity (51) (SI Introduction to the Techniques). Correlation analyses of fluorescence fluctuations allow the determination of dynamic properties, such as diffusion coefficients of molecules. To directly identify the components of SIRT1 dynamics and thereby obtain information on the mobility of the protein, we applied short-time sequence fluorescence correlation spectroscopy (phasor fluorescence correlation spectroscopy) (Materials and Methods) (32) . Different from single-point fluorescence correlation spectroscopy, this analysis generates a diffusion map of the protein in living cells with pixel resolution. The phasor fluorescence correlation spectroscopy analysis of Sirt1 −/− /SIRT1-EGFP cells revealed that the mobility of SIRT1 is heterogeneous across the nucleus (Fig. 5 A and B) . Two general populations of nuclear SIRT1 were found, which display some significant differences. (i) A clustered population of SIRT1 proteins shows slow-diffusion coefficient between <0.1 and 1 μm 2 /s; these slow diffusing populations are color-coded in the fluorescence correlation spectroscopy images as purple-blue speckles. (ii) An interspersed population of fast-diffusing SIRT1 species has mobility between 5 and 50 μm 2 /s; these fast diffusing populations are colored as yellow-red areas (Fig. 5 A and B) . The presence of these two different populations was further confirmed using raster scan image correlation spectroscopy (RICS) (29, 33) in several subnuclear territories (Fig. S7) . Interestingly, a parallel short-time sequence fluorescence correlation spectroscopy analysis from Sirt1 −/− /SIRT1(H355A)-EGFP MEFs reveals that the slowdiffusing population of SIRT1 molecules is significantly reduced, because almost all SIRT1(H355A) pertain to a fast-diffusing population (Fig. 5C ). These data suggest that the slow-diffusing population of SIRT1 correlates with enzymatically active SIRT1 molecules. We further confirmed these data by using the SIRT1 inhibitor EX527 on Sirt1 −/− /SIRT1-EGFP cells (Fig. 5C) . Although a short-term 4-h treatment with EX527 led to a decrease of slowdiffusing SIRT1, a 20-h treatment completely depleted the population of slow-diffusing SIRT1 molecules (Fig. 5C) . Therefore, SIRT1 diffusion coefficient seems to be a biophysical signature of its activity.
Control of SIRT1 Dynamics and Subnuclear Distribution by NAD

+
Metabolism. To test the hypothesis that SIRT1 subnuclear distribution is intimately linked to nuclear metabolism, we treated Sirt1 −/− /SIRT1-EGFP with FK866 (Fig. 6A) . Remarkably, a 2-h treatment with FK866 leads to a significant reduction in the slowdiffusing population of SIRT1 molecules, and a 6-h treatment further reinforces this effect (Fig. 6A) . To establish whether this effect is directly mediated by NAD + dampening after FK866 treatment, we supplemented treated Sirt1 −/− /SIRT1-EGFP cells with NAD + , therefore restoring its levels. As shown in Fig. 5B , NAD + supplementation restores the population of slow-diffusing SIRT1 molecules. Indeed, treatment with the NAD + precursor β-NMN (Fig. 3A) had a similar effect, limiting SIRT1 diffusion in specific subnuclear territories (Fig. 6B) , which might correspond to niches of SIRT1 activity.
Discussion
A central, yet unresolved issue in nuclear cell biology is whether metabolites could be distributed in discrete territories that would then facilitate the function of regulatory enzymes in a time-and space-specific manner. Here, we describe an intimate link between nuclear metabolism and SIRT1 function. Our results favor a scenario where the deacetylase SIRT1 contributes to the distribution of free and protein-bound NADH to distinct nuclear metabolic niches (Fig. 6C) . The enzymatic activity of SIRT1 is coupled to the availability of the coenzyme NAD + . The NAD + /NADH ratio defines the cellular redox state, and variations in this ratio are thought to alter SIRT1 activity (52, 53) . The NADH pool is small, and metabolic events that modify the NAD + / NADH relation cause a much greater change in the levels of NADH than NAD + (21, 22) . Indeed, variations in intranuclear redox states are likely to have a much more direct impact on SIRT1 activity than the total cellular redox ratio. Because mitochondria harbor a large part of oxidoreduction reactions, greater changes in the mitochondrial redox ratio are expected to happen under metabolic stress. Whether these variations are accompanied by intranuclear redox changes and/or NADH sequestering remains to be established. Hence, there is a need for understanding intranuclear metabolism, because it will have a direct impact in the regulation of nuclear NADH-responsive proteins.
SIRT1 is known to contribute to the regulation of cellular homeostasis (3, 20) . Here, we have uncovered a yet unexplored relationship between nuclear NADs and SIRT1 function and dynamics. Our results show that SIRT1 controls a significant fraction of nuclear NADH metabolism (Fig. 1) . Whether this effect is direct, caused strictly by the consumption of NAD + on SIRT1 activation, or indirect through SIRT1-mediated downstream signaling remains to be determined. However, the metabolic transitions described here occur already within 2 h on activation of SIRT1 by SRT2183 (Fig. 2) .
Our findings show that SIRT1 has an overall homogenous distribution inside of the nucleus; however, it presents niches of activity (Figs. 5 and 6 A and B) . Indeed, a population of SIRT1 molecules diffuses slower than 1 μm 2 /s and tends to disappear on SIRT1 catalytic inactivation by NAD + depletion (Figs. 5 and 6 A and B). Because the diffusion coefficient of free nuclear EGFP is >10 μm 2 /s (our measurements) (50, 51) , the slow mobility displayed by SIRT1-EGFP at specific locations is presumably linked to its interaction with substrates or to the coenzyme NAD + . Because SIRT1 K m for its substrates is lowered on activation (46, 49, 50) , it seems reasonable to conclude that active SIRT1 molecules are organized in niches of activity. These presumed niches could be possibly linked to intranuclear metabolic territories with higher levels of free NAD + (Fig. 5C ). Because free NADH is available for utilization by enzymes, only this free pool in the nucleus is relevant in controlling transcription by NADH-dependent enzymes and transcription factors. In addition to SIRT1, other redox-sensing nuclear proteins are likely to be affected by intranuclear organization of NADH metabolism. Among these proteins, BMAL1 and NPAS2/CLOCK are β-HLH-PAS domain-containing transcription factors, which heterodimerize and drive the expression of circadian genes (54) . This notion is relevant, because SIRT1 modulates circadian gene expression (6, 9, 19) . Hence, intranuclear territories presenting different redox ratios could serve as a regulatory layer for circadian transcription through SIRT1 or restrict circadian transcription to subnuclear domains (41, 55) . An interesting case is the transcription factor CtBP that can sense free NADH, resulting in controlling its binding affinity to specific interacting proteins (40) . An analogous case relates to the transcriptional regulator Oct-1, which binds nuclear p38/GAPDH in an NADH-dependent manner (56) . Thus, compartmentalization of certain programs of gene expression in the cell nucleus could be assisted by intranuclear metabolic microenvironments.
Materials and Methods
Cell Culture, Transfections, and Treatments. A complete description is in SI Materials and Methods. Fluorescence Lifetime Imaging and Diffusion Measurements. FLIM data were collected using a Zeiss Axiovert S1000TV Microscope with two-photon excitation at 740 nm. The emission from free and bound NADH was obtained using a 460/80-nm band pass filter to reduce the effect of FAD fluorescence and collected using a Becker Hickel TCSPC 830 Card. The decay histogram at each pixel was analyzed using the phasor approach to FLIM (SimFCS software; Laboratory for Fluorescence Dynamics), and represented in the phasor plot (Fig. S8) . Excitation of EGFP-tagged proteins for diffusion measurements (RICS and phasor fluorescence correlation spectroscopy) was done with a 488-nm Argon laser using an Olympus Plan/Apo, 1.2-N.A. objective. A detailed description is in SI Materials and Methods.
